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ABSTRACT Distinct structural regions have been
found in several globular proteins composed of single poly-
peptide chains. The existence of such regions and the con-
tinuity of peptide chain within them, coupled with ki-
netic arguments, suggests that the early stages of three-
dimensional structure formation (nucleation) occur inde-
pendently in-separate parts of these molecules. A nucleus
can grow rapidly by adding peptide chain segments that
are close to the nucleus in aminoacid sequence. Such a
process would generate three-dimensional (native) pro-
tein structures that contain separate regions of continuous
peptide chain. Possible means of testing this hypothesis
are discussed.

For some decades thermodynamic determination of three-
dimensional protein structure has been a basic guiding princi-
ple. However, in the past few years there has been a growing
awareness of the possibility that kinetic factors may play a
significant role in determining protein structure (1-5). In
particular, the argument was advanced by Levinthal (refs. 6,
7, see also Appendix) that the time for a random search of all
possible structures would be unrealistically long for even a
small protein, and that something like a nucleation event
must occur to permit structure formation in biologically
feasible time. Studies from our laboratory have led to experi-
mental evidence for nucleation in physiologically feasible
protein-folding experiments (8-10). Nucleation has also been
inferred from kinetic evidence by Tsong et al. (11) in the
refolding of ribonuclease with intact disulfide crosslinks.
Arguments for the plausibility of nucleation-initiated protein
folding have begun to appear in the literature (12, 13).
In studying several known protein structures, I have noted

the existence of distinct structural regions in several single-
chain proteins, and less distinct regions in others. Such ob-
servations are not original, having been made in almost every
case by the investigators who determined the structure of the
particular proteins.

In defining what I mean by structural regions, I limit our
discussion to protein models that present only the course
of the peptide backbone. A "region" is a section of peptide
chain that can be enclosed in a compact volume. A continuous
region can be completely surrounded by a closed surface (a
closed line if two-dimensional, as in Fig. 1), and is character-
ized by possession of two terminal points. I define the terminal
points of a protein region as those points where the peptide
chain crosses the enclosing envelope, and also those points
where the peptide chain terminates (amino or carboxyl
terminus). A region having more than two terminal points is
discontinuous. Fig. 1 illustrates continuous and discontinuous
regions with several two-dimensional examples. Each of the C
regions is seen to have two terminal points, and each of the D
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regions has four terminal points. The aminoacid residues in a
continuous region are one-dimensionally contiguous; the
condition of contiguity does not obtain for a discontinuous
region. It remains to say how compactness is determined. For
the present work, compactness has been decided subjectively,
but a quantitative index of compactness is suggested in the
Discussion.
Examination of protein structures was facilitated by the

construction of three-dimensional peptide chain models. Bent-
wire models were built with the Rubin-Richardson bending
tool (14). As a general test of fidelity the physical models were
compared with the stereoscopic images of Dickerson and Geis
(15) and those in ref. 16.

Examination of known proteins for continuous regions

Chymotrypsin. Referring to the hydrogen-bonding map
(Fig. 2), Blow writes, "The pattern of zigzag lines is drawn to
emphasize the existence of two folded units in the molecule
from residues 27-112 and from residues 133-230" (17). These
are both "continuous" regions. On inspection of a Kendrew
skeletal model of chymotrypsin, it was seen that a newspaper
could be inserted far into the model, almost completely bisect-
ing it into the structural regions noted above.
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FIG. 1. Schematic peptide chain arrangements to illustrate
continuous (C) and discontinuous (D) structural regions. Scheme
I represents a one-region protein, which is by definition con-
tinuous. II represents a two-region protein, both regions of which
are continuous. In III the two regions represented are both
discontinuous. In IV the upper region is continuous, the lower
discontinuous. In V the upper region is continuous and, taken
as a whole, the lower region is discontinuous. A continuous re-
gion in the lower part of Scheme V is enclosed by a dashed line.
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FIG. 2. Hydrogen bonds between main-chain atoms in a-

chymotrypsin. The thin lines representing hydrogen bonds are

dashed when uncertain. The broad black bars represent disulfide
bridges [from Birktoft and Blow (47)]. Reproduced with per-

mission of the authors and publisher.

Trypsin. "The trypsin molecule folds up in two halves, each
of which contains a pseudo-cylindrical arrangement of
hydrogen bonds between adjacent antiparallel extended
chains similar to that described by Blow for a-chymotrypsin.
The two termini of the molecule form transmolecular straps
which terminate in opposite halves of the molecule. .." (18).
Thus, trypsin, like chymotrypsin, contains two large "con-
tinuous" regions; however, when the small additional seg-

ments of polypeptide chain (the "straps") are considered, both
regions become discontinuous.

Eastase. ...one can see that as in chymotrypsin the
molecule appears to be divided into two halves composed of
residues 27-127 plus the C-terminal helix (234-245) in the
upper left hemisphere and residues 128-230 plus the N-
terminal sequence (residues 16-26) in the lower right hemi-
sphere" (19). Our remarks for trypsin can be repeated for
elastase.

Subtilisin. Referring to photographs of a model of the
peptide chain of subtilisin, Kraut writes, "It is immediately
obvious that the backbone chain has folded into three distinct
and potentially separable pieces" (2Q). These regions are

1-100, 101-176, and 177-275; all three regions are "con-

tinuous."

Papain. "A characteristic feature of the papain molecule is
its binuclear nature. It is constructed around two hydrophobic
cores ..." (21). The two continuous regions are comprised of
residues 10-11i and 113-207. The two chain ends overlap into
the opposite halves of the molecule to make both halves of the
whole molecule "discontinuous."

Lysozyme. ... residues 1-86 constitute a structure with two
wings. Residues 88-100 form a rather irregular a-helix, again

with a partially hydrophobic surface, which bridges the gap
between these two wings. . . Finally, the last 30 residues are
folded around the globular unit built up by the first 40" (22).
Thus, there are two "continuous" regions; 1-38 and 39-87.
Residues 88-100 could be equally well assigned to either of
these regions. Considering the whole molecule, region 39-87
remains "continuous," while a "discontinuous" region is
composed of residues 1-38 plus 101-129, arranged in a fashion
similar to Fig. 1, V.

Lactate Dehydrogenase. "The interpretation of the 2.8 X
map led us to the conclusion that the LDH subunit could be
described as two halves.... There are now (at higher resolu-
tion) only two lengths of chain of more than 10 residues which
are not involved in either iB or helical structures, and one is in
each half of the subunit" (23). These two regions appear to be
composed of residues 20-161 and 162-231. The latter of these
may possibly be further subdivided at residue 265. The regions
are ''continuous."

Malate Dehydrogenase. The peptide chain contour of this
enzyme is so similar to that of lactate dehydrogenase that it is
easier to describe it in terms of a few differences than in terms
of the many similarities (23a).

Phosphoglycerate Kinase. "The single peptide chain of
3-phosphoglycerate kinase is folded into two distinct globular
units, only one of which seems to be involved in substrate
binding." (24) We cannot tell from the data at 6 i resolution
whether the two large globules are "continuous," nor whether
any further subdivisions may exist.

Thermolysin. "There is a deep groove or cleft across the
middle of the molecule ... with the zinc atom situated in the
bottom of this cleft.... Immediately behind the zinc, running
parallel to the cleft, and through the center of the molecule
is a helix which continutes two ligands to the zinc. Apart
from its carboxyl terminal residues this helix is totally
internal. The only covalent connection between the upper and
lower halves of the molecule is through this central helix."
(25) Both of the two regions are "continuous."

Bovine-Plasma Albumin. On the basis of analysis of the
products of limited proteolysis and CNBr cleavage (26, 27) of
this protein and the physical behavior of certain protein
fragments, Foster has proposed a structural model. Quoting
Foster, "A most interesting characteristic of this model is its
subunit-like structure. At least four regions of the molecule are
found to be intralinked by disulfide bonds, but connected to
each other only through the peptide backbone" (26). The
available data do not permit a decision on the "continuity"
issue.

Immunoglobulins. "The repetition of homologous (amino-
acid sequence) regions, the linear, periodic arrangement of
intrachain disulfide bonds, and the location of inter-chain
bonds combine to suggest an unusual quasiperiodicity.. .. If
one considers the homologies among the various regions of the
molecule, one plausible arrangement of the chains is a T-
shaped series of compact domains, each of which is formed by a
separate V-homology region or C-homology region. In this
arrangement, each domain is stabilized by a single, intrachain
disulfide bond, and is linked to neighboring domains by less
tightly folded stretches of the polypeptide chain. . . " (28). X-
ray diffraction studies by Sarma et al. (29) give results at 6-A
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resolution that can be interpreted either as a T-shaped or a
Y-shaped molecule, showing distinct structural regions. We
must remember that IgG is a 4-chain protein, so the possi-
bility exists that structural regions seen by x-ray diffraction
at 6 X may not be intrachain.

Ribonuclease A. This protein has two major regions, both of
them discontinuous. One is composed of residues 1-10, 52-76,
and 105-124, inclusive (30). The other is composed of residues
11-49 and 80-103, inclusive. We do not see any "continuous"
regions.

Myoglobin. There are two "continuous" regions, composed
of residues 1-79 and 80-153. A problem arises in the existence
of a large interface between the two regions, involving most of
helixes G and H of the second region with helixes A, B, and E
of the first region (31). With such a large interface, and the
accompanying extensive interactions, it is hard to view the two
regions as structurally independent. We do not know how to
deal with the role of heme in the structure. Apomyoglobin
contains less helix than metmyoglobin (32), but the structure
of apomyoglobin is unknown.

Carp Parvalbumin. There are two "continuous" regions,
composed of residues 1-34 and 35-107. However, as in
metmyoglobin, there are large surfaces of close approach
between the regions-residues 15-25 and residues 65-75 form
two rather extended loops of peptide chain (33) that appear to
be structurally interdependent.

Staphylococcal Nuclease. There are no distinct regions in this
protein. Residues 97-142 form what might be called a "con-
tinuous" region, with the remainder of the polypeptide chain
draped and looped about in no compact region. Even in 97-142
the quality of compactness is poorly realized (34).

Pancreatic Trypsin Inhibitor. This protein, containing 58
aminoacid residues, shows but a single "continuous" region
(35).

Rubredoxin. Like pancreatic trypsin inhibitor, this small
protein (54 residues) shows but one region (36).

RESULTS AND DISCUSSION

Nine of the first ten proteins listed above have two or three
"continuous" regions (phosphoglycerate kinase continuity is
not established). The last six proteins show either "dis-
continuous" regions, dubious regions, or one region. The
data presently available for bovine plasma albumin and IgG,
although strongly suggestive of "continuous" regions, are still
insufficient. The size of a "continuous" region in the present
collection ranges from about 40 to 150 residues. In pancreatic
trypsin inhibitor and rubredoxin, the size of the protein is near
the lower limit of size range of "continuous" regions found in
other proteins. Perhaps multiple nucleation does not occur in
such small proteins.
Native proteins that carry components that are not amino

acids, such as heme, flavin, and pyridine nucleotides, that are
required for the self-assembly process appear to pose addi-
tional considerations and are not as easily handled at our
present stage of analysis. Likewise proteins such as insulin and
carboxypeptidase A, which derive from precursors of uncertain
structural relationship to the active proteins, must be ex-

trypsin, and elastase to be structurally closely related to their
respective zymogens, on the basis of the evidence relating
chymotrypsin to chymotrypsinogen, and the close structural
homology of the three active enzymes (19).
The existence of compact intrachain regions has been noted

for individual proteins, but does not seem to be recognized as a
general pattern of protein structure. Further, the character of
chain continuity in most of these regions has not been previ-
ously recognized. I believe that chain continuity is an im-
portant structural feature because it is just what one would
expect of a process of nucleation followed by rapid growth.
The most rapid growth on a nucleus will occur by addition of
nearby residues onto the nuclear structure. Distant residues
will require longer times for diffusion to, and orientation on, the
nuclear structure. It is evident that those residues that are
one-dimensionally near a nuclear structure must be near in
three dimensions. By the same reasoning, I expect that dis-
continuous regions, composed of one-dimensionally distant
chain segments, will require considerably longer assembly
times. Therefore, the formation of continuous regions will be
favored over discontinuous regions.
The size of the regions I have described in proteins ranges

from about 40 to 150 aminoacid residues. I do not equate these
regions with nuclei, but rather view a region as comprising the
nucleus plus structure added to the nucleus by the growth
processes described in the preceding paragraph. I roughly
estimate the size of a nucleus to be of the order of 8-18
aminoacid residues. The upper limit of this estimate is set by
the requirement for rapid assembly on a biological time scale.
The absolute time requirements will obviously vary among
organisms and tissues. Using the Poincare argument (Ap
pendix), which is admittedly oversimplified, to estimate the
time t for nucleation by a random search mechanism, I find
that t = 10f/10'4 for an oligopeptide of n residues. By this
argument, a nucleus of 18 residues will require an average of
104 sec to form. Since biosynthetic processes involving steps
longer than 104 sec seem quite improbable, we set 18 residues
as our upper limit. The lower limit of our estimate is based on

the well-established idea that there is a minimum size for
stable three-dimensional structures in peptides (37, 38). What
this minimum number will be for a particular peptide clearly
depends on the aminoacid sequence and the solvent. Several
observations of nonrandomness exist for peptide fragments of
proteins in aqueous solvents (39-42). The optical criteria for
structure in this sampling of peptides show from 5% to 20%
"helix." Although the helixes and other structures in these
peptides appear to be of marginal stability, only marginal
stability is required for a nucleus. On the basis of these
studies (39-42), we tentatively conclude that a nucleus may be
as small as 8 residues.
Another consequence of the marginal stability of oligo-

peptide structures is that they might be distorted from the
structure formed at the instant of nucleation, or unfolded or

"dissolved" at some stage of structure or growth. The fore-
going possibilities appear to be real, though perhaps less
likely than stabilization and "locking-in" of the nuclear
structure in the nucleation-propagation region.

As noted above, continuous regions appear to range in size
from 40 to 150 aminoacid residues. Does some constraint(s)
operate to limit the size of the structural regions? It may be
that a relationship between nucleation time and growth time is

amined with reserve. I have considered chymotrypsin,
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dependent on the size of a region in such a way as to limit the
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size of regions and favor (in larger proteins) the formation of
multiple-region proteins.

I do not feel that we have completely adequate criteria to
define protein regions, but enough to make a start. It appears
that we could measure the compactness of a region by the use
of a surface/volume ratio, A/V, normalized by dividing by the
surface/volume ratio Ao/V of a sphere of equal volume. In
analogy to hydrodynamic frictional ratios, f/fo, (A/V)/
(Ao/V) = (A0/A), a relative surface area, that could have
real values ranging from 1.00 upward, forming a numerical
scale on which the more compact structure will have smaller
values. Experimental evaluations of A and V should be pos-
sible by means of programs such as those used (43) to measure
the static solvent-accessibility of globular proteins.

H-bonding maps of the sort shown in Fig. 2 for chymo-
trypsin have been published for a few proteins. The regions
seen in the three-dimensional peptide chain model are the
same as those seen in the H-bonding map. This result also
obtains with subtilisin (44) and lactate dehydrogenase (23).
On the other hand, the H-bonding map of ribonuclease S (45)
does not show continuous regions, consistent with examination
of the peptide backbone model. The H-bonding map of
myoglobin (31) is largely uninformative, since about 75% of
the residues are in helical structures. Thus, very few chain
segments interact via H-bonding with three-dimensionally
adjacent chain segments, so the map does not show which
chain-segments are closely juxtaposed.

Further exploration of correlations between H-bonding
maps and 3-dimensional peptide chains regions would clearly
be of interest. I hope that such maps will soon be available for
additional proteins. In the same vein, it will be of great
interest to test for correlations between protein regions and
three-dimensional distribution of nonpolar residues. Deter-
mination of the three-dimensional distribution of nonpolar
side chains has been begun by Kuntz (46) with carboxypepti-
dase A.

I should also like to explore the intramolecular interfaces
between regions to test whether any unusual compositional or
structural characteristics exist, and find it very suggestive that
all of the 13 water molecules in the interior of chymotrypsin
are located at the contact surface of the two regions of that
molecule (47).
One of the most searching experimental tests for an inde-

pendent continuous region would be to demonstrate self-
assembly of just that region, with a high degree of fidelity. It
appears that such a test may be experimentally feasible for
putative regions of some proteins.

Proteins with discontinuous regions may result from nuclea-
tion and folding pathways in which the nucleus is distorted so

as to give a final structure without recognizable continuous
regions. They could also arise from several rather than a few
nucleation events. Or they may be genuine exceptions to our

present attempt to generalize folding mechanisms. In no event
can we ignore them.
How does this hypothesis relate to the "domain hypothe-

sis"? The domain hypothesis (28) claims that for the im-
munoglobulins there are structurally separate regions of the
molecule, and asserts that independent genetic control is
exerted over these regions. My present hypothesis applies to
the much larger class of globular proteins, postulates that
rapid self-assembly is a major reason for structurally inde-

pendent regions, and makes no claims relating to genetic
control of the regions.

APPENDIX

If we calculate, by the Poincar6 recursion argument, the average
time for a chain polymer of 100 links to randomly sample the
possible structures and return to the initial structure, the result
is 10u sec. The recursion time for a tetradecapeptide, in con-

trast, is only 0.04 sec. To make this calculation, we assume a

polymer chain of n links, each of which has two rotatable bonds
with three energetically equal structures for each bond. Then
the total number of structures is 3n', which can be approximated
for convenience to 1o0. Assume that each of the internal rota-
tions occurs independently at a frequency of 1018 sec-, then 2 X
1013 n structures are sampled per second. The time t required to
sample each conformation m times is t = (m lo sec/2 X 10"1n).
This argument was first pointed out to me by Prof. V. Bloomfield
(personal communication, 1968); a similar argument was sug-
gested by Levinthal in a generally unavailable publication (7).
Of course such a model is greatly oversimplified, ignoring excluded
volume effects, sidechain flexibility, correlated motions, attrac-
tion between different parts of the chain, etc. Nonetheless, it
is highly doubtful that accounting for these effects could reduce
the random search time to a biologically feasible value, say in
the range of 10--10' sec. The argument was originally ad-
vanced to show the necessity for some preliminary event (nuclea-
tion) that could reduce the number of structures searched and
the search time. If this is a reasonable argument for a small
protein, then multiple regions of nucleation seem reasonable
for larger proteins. Indeed, this argument can be added to those
commonly made for the existence of conventional subunit pro-
teins (48).
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